Charged water drops were suspended in a nonuniform a.c. field and observed through the microscope visually and by high-speed photography. Thc initial drop size was approximately 1 0 0~. The drop shrank by cvaporation and became uiistablc at approximately 4 0~. The cvaporation of stable drops and thc behavior of unstable drops wcrc studied. Thc rates of changes of mass and chargc wcrc dctcrmined at various temperatures, and thc activation energy for the cvaporation was determined.
INTRODUCTION
When a charged water drop evaporates without loss of charge, it eventually becomes unstable with respect to its spherical shape [20]. This occur^ when the electrostatic surface energy exceeds the surface tension of the water.
According to J. J. Thomson , the stability criterion is (1) 72-when 7 is the surface tension of water, p the charge, and r the radius of the drop. It has been shown theoretically by Calm [I] that an unstable drop breaks up instantly. The reason is that a small deformation causes a local increase in electrostatic energy relative to the siirface tension and thereby enhances the instability. Such a deformation may be caused by a weak electric field. Doyle, Moffett, and Vonnegut [2] reported the observation that a charged mater drop virtually explodes when it reaches instability and then ejects small charged droplets.
These remove approximately % of the charge but comparatively little mass from the unstable drop. As a consequence, the parent drop becomes stable. Further evaporation causes renened instability-. A large number of successive instabilities were observed. Doyle, Moff ett, and Vonnegut could actually see the ejected droplets by scattered light. This indicates that they were initially stable.
In order to study these phenomena, it is necessary to suspend the drop so that it can be observed over a period of time. Doyle, Moffett, and Vonnegut suspended their drops in a uniform electric d.c. field and observed them visually by scattered light. This method takes considerable skill when using drops large enough to be seen and moving rapidly under gravity, and the lack of restoring forces makes it impossible to observe the drop through a microscope.
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I n order to study the behavior of charged drops in detail, we have used suspension in a nonuniform a.c. field. This method provides the restoring forces required to hold the drop in focus and in the field of view of a microscope. The observations were made visually and by high-speed photography through the microscope. This technique permits accurate measurement of the drop size from the image and, since the charge to mass ratio may be determined from the ap,plied voltage and the position of the drop, the separate determination of size and charge as fimctions of time during the evaporation. Furthermore, the time resolution given by high-speed photography permits the observation of the transient behavior of unstable drops, e.g. the ejection of droplets.
The behavior of the unstable drop and the phenomena accompanying the instability were the primary subject of study in these investigations. Hornever, in the course of the experiments it became desirable to study the evaporation of the stable drop before it became unstable, partly because the experimental technique employed permits the study of details of the normal evaporation that have not been accessible with other techniques used in the past. Such details are revealed by the time resolution and the accurate drop size determination of the photographic technique.
This paper contains a description of the experimental technique and presents some results obtained. A more detailed presentation of the subject is given in reports [17, 181 that are available upon request.
SUSPENSION IN A NONUNIFORM A.C. FIELD
The suspension chamber used in these experiments is shown schematically in figure 1 . Tu o spheres are connected together and to one end of a transformer winding, the other end being connected to ground. The two spheres are located a t the axis of a ground-connected cylinder that has holes provided for illumination and observation and for introducing the drop. The transformer is connected to the 60-c.p.s. mains. The decisive features of this design are that it permits an unobstructed view of the suspended drop, and that it permits a great deal of versatility n-ith respect to particle size, method of introducing and producing charged particles, and control of the atmosphere and the temperature in the chamber. An empirical determination of the field distribution showed that the field is linear over a vertical range that is adequate for the purpose at hand. This subject is discussed later on. Other investigators have used other designs with wider manges of vertical and horizontal linearity. One such electrode configuration that has been used by Wuerker, Shelton, and Langmuir [22] is one of hyperbolic surfaces. A simpler arrangement is one with :I, ring instead of the cylinder in figure 1 . This design has been used by Mr. Roy Schaefer of Edgemood Arsenal. It has the disadvantage that the ring obscures the drop.
It appears that Straubel is the inventor of the nonuniform a.c. field as a means for the suspension of charged particles. Straubel [21] also studied the changes in mass and charge of evaporating drops as functions of time.
The requirements on the field in our experiments are essentially as follows: (a,) to keel) the drop on IL vertical line in focus of the microscope, (b) to give a restoring vertical force so that the drop may be caught and subpended, and (c) to give a vertical suspending field that permits the determination of the charge to mass ratio, be it by calculation or by empirical calibration of the field distribution. Figure 2 shows the vertical i,osition of a drou as a An analysis of the series shows that the error of this formula as compared to the exact solution is less than 4 percent under the conditions of our experiments, most of this error deriving from the neglect of the second term in the expansion. The values of zo and A can be expressed explicitly in terms of the constants in the equation of motion. The following notations may be used for shortness: The field constant a is defined by the formula (6) E=uVZ function of time, the position being measured from a film when V denotes the voltage applied between the spheres and the cylinder. The damping factor a is defined as
In our experiments, using a water drop a t 60 C.P.S. in ambient air, 2.15X10-6
when the drop radius r is measured in cm., or 816 cy=-d2, (9) when when g=981 cm./sec.2 and w2=(120n)2 are inserted. The modulation shown in figure 4 complicates the evaluation of the observed motion, and a d.c. voltage was therefore not used in such experiments. However, if the drop is lifted by a d.c. field to the midpoint, it can be held stationary, without oscillation, since the vertical a.c. field is zero at the midpoint. As a consequence, pictures may be taken of the drop a t a much greater magnification than is possible when the drop oscillates because the field of view must cover the oscillation in the latter case.
EXPERIMENTS
Two types of experiments were conducted. In one case the objective was a study of the motion of the suspended drop, specially at the instability. I n the other case the variations of mass and charge with time were studied.
The same experimental setup was used in both cases. It is shown schematically in figure 5 .
The charged drops are injected into the chamber through a hole a t 45' to the optical axis. This is accomplished by pressing a rubber bulb connected to a syringe, the needle of which is held at a positive d.c. potential of approximately 3,500 v. A ring-shaped electrode is placed close to the tip of the needle and held at ground potential. The charging of the drop is effected by the field between the needle and the ring. The same hole in the chamber is also used for visual observation of the drop through a microscope.
The suspended drop is illuminated by Koehler illumination and projected onto the film of the camera through a microscope a t a magnification of 15.
No camera lens was used. The camera is a Beckman & Whitley Dynafax camera for up to 35,000 f.p.s.
As viewed in the viewing microscope, the drop appears as a vertical line, the length of which is twice the amplitude A, and the midpoint of which is a t the coordinate z,.
Numerous drops, varying widely in charge to mass ratio, were suspended in succession. They were held at various levels zo, and the corresponding values of A were determined. The results are plotted in figure 3 . I n subsequent experiments the drops were held within the first linear range of this plot.
In order to study the motion of the drop, the-drop was suspended at a suitable position, and films were taken at various framing rates. Figure 6 shows a plot of the vertical position of a stable drop as a function of time. The plot is nearly a sine wave with a gradual drift upwards as the drop loses mass by evaporation. Figure 7 shows a corresponding plot for an unstable drop. I n this case the drop suddenly moves downwards as a result of a sudden loss of charge. Numerous films of the types shown in figures 6 and 7 were taken, and all gave very similar results.
The dashed curve in figure 7 is an extrapolation of the curve prior to the instability. The dashed curve may be said to represent the motion of the same drop if it had remained stable. The difference between the dashed and the solid curves shows the effect of the instability. This difference is plotted in figure 8 . The drop moves initially upwards and then falls toward a new equilibrium position according to an exponential decay curve. The various deviations from the exponential curve are caused by a n increase in the amplitude associated with the instability, a detail that was not accounted for when constructing the dashed curve in figure '7. A corresponding plot is shown in figure 9 for the stable drop in figure 6 . I n this case there is a sudden motion downwards, but the initial equilibrium position is eventually recovered as a result of evaporation.
A sudden change in mass and charge of a suspended drop changes its equation of motion into i+g=-a~z sin ut. by spurts or by ejection of sinal1 droplets. This subject is discussed further later on. I n order to determine the variations of mass and charge uitli time for :In evaporating drop, :L series of measurements were made, in which the drop diameter. \v:m measured on the film, and the charge was calculated from the applied U.C. voltage required for holding the drop in :I fised ~)ositioii. T o this piirpose it is necessary to knou the field constant a. This quantity cannot be calculated it11 :idequate accuracy for the electrode configuration 115ed. It, 1 1 ab therefore deteriniiied empirically. To this end the charge I\ as calculated from f o r m i h (1) I\ ith the measured drop radius inserted.
The drop was held a t a fised position by adjusting the applied i1.c. voltage during the evaporation of the drop. This was done by means of a Variac transformer. The Ti",* Il5F' 1 FIGURE 7.-Vertical position of a n unstablc 40p drop in thc a.c.
ficld.
applied a.c. voltage was of the order of a few hundred volts. The voltage was recorded by means of a linear General Radio potentiometer that was mounted on the shaft of the Variac and that was connected to a d.c.
voltage. An Esterline-Angus recorder \vas used. The drop diameter was measured by taking interinittent photographs of the drop. The time was marked on the voltage record by n spike produced by applying a d.c. pulse. When these photographs were taken, the drop uxs temporarily lifted to the midpoint by means of a feu volts d.c. applied between the two spheres. The horizontal t1.c. field was then strong enough to hold the drop sharply in focus, while the vertical a.c. field was too weak to cause appreciable oscillation. As a consequence, a high magnification, 22, could be used. The film was then projected on a screen at a magnification of 30. The total magnification mas thus 660. It is estimated that the error in the measured drop diameter was less than 1 percent.
These measurements were continued until the drop became unstable. The instability was marked by a spike on the record. The experiments just described were all conducted a t room temper ature and at ambient relative humidity of the air in the suspension chamber. It was noticed that the rate of evaporation depended upon the relative humidity, but far less than reported by, e g . , Houghton [9] and Gok- Other experiments were conducted a t controlled temperatures and a t a relative humidity close to zero. A drop of room temperature was suspended at -26' C. in the chamber. I t evaporated to approximately half its initial size without freezing and exploded after some 30 sec.
If the heat of evaporation were all supplied by the water, 400" C. The heat transfer between the drop and the air was probably very rapid, and it may well be assumed that the drop had the temperature of the air. The activation energy for the evaporation was determined by rate measurements a t tn-o temperatures, 23" and 0" C. The relative humidity of the air in the suspension chamber \\-as held a t approximately zero by means of Drierite. The high temperature \\-as that of the ambient. The loit temperature \vas obtained by means of a cooling coil around the suspension chamber. The temperatures were measured \\-it11 a mercury thermometer. At the lo\\ temperature the hypodermic needle was cooled by holding a piece of ice against it. The water in the syring oe \ i n s not cooled. The effectiveness of the cooling is shoirn by the fact that thewater occasionally froze n t the tip of theneedle.
It is estimated that the temperature of the drop injected in the suspension chamber \\-as approximately Io C. Typical data obtained at 0" C. :we plotted in figure 16. 1 he results of two series of measurements :ire presented in table 3.
The average rates a t the t v o temperatures inserted in Clapeyron's formula give an activat8ioii energj-of 7.2 kcal./mole. As already pointed out, the most probable lo\\ temperature is 1" rather than 0" C. The most probable \-slue of the activation energy is accordingly 7.6 kcal./mole.
Thousands of 1inst:Lble drops I \ ere observed in these experiments arid : L great mtiriy films \\-ere taken, but in no case could any indication of ejected droplets be observed. This is in remarkable contrast to the obseri-ations , and yet we had a 1-astly superior resolution in space and time by using a mirroscope :~n d high-speed photography. When all attempts a t observing ejected droplets failed, it was concluded that there were no droplets ejected, or that they \\-ere too small to be seen, e.g., smalier than lp.
It then occurred to us that the droplets observed by Doyle, Moffett, and Vonnegut were not ejected from the unstable drop but condensate droplets formed by nuclei ejected from the unstable drop. They used a large chamber \\-ith long diffiisiori paths to the wall and a high humidity of the air. They might therefore have had some supersaturation of nater vapor in the \-icinity of the observed drop.
In order to check this liypothesis a sealed suspension chamber \\as constructed as shown in figure 17 . It \ \ a s connected to an expansion chamber shown in figure 18 . The water level in the pressure chamber is lowered and that in the expansion chamber is raised by increasing the air pressure in the pressure chamber by 100 mm. of mercury. The pressure is then released through a solenoid valve and a needle valve. The duration of the expansion is controlled by setting the needle valve. I t was usually approximately 4 sec.
A drop was suspended and watched through the microscope. Shortly after the first instability the solenoid valve was triggered, so that the expanison started and supersaturation was created in the suspension chamber. This state continued over the second instability. At the second instability a burst of small condensate droplets was observed. These observations were made in scattered light a t 45' to the optical path. Figure 19 is a reproduction of a photograph taken a t an instability. The film was exposed during the duration of the cloud, approximately 1 to 3 sec.
The instability produced a condensate cloud only when there mere condensation nuclei present in the air. When the nuclei were removed by repeated expansion, or by filtration of the laboratory air, there was no condensate cloud produced by the instability. The nuclei gave condensate droplets of approximately 5 p in diameter. The droplets produced by the instability were much smaller, The identification of' the nucleating products of tlic instability requires some further study, yet to be conducted. It appetlrs, hov ever, that they are molecular rather than particulate since they produce droplets only when nuclei from the air are present. If it may be assumed that the nucleating products of the instability carry the charge lost by the unstable drop, they should then be ions. A remarkable circumstance is that the burst of (midensate droplets occurred only under normal weather conditions 11 ith ii breeze coniing in from the bea, but it did n o l occur 11 lien the v.ind ble~v from the desert. This may indicate that the ions cause condensation together \\ ith NaCl only. One may then speculate that the ions prodrice NO, the oxidation of which is catalyzed by NaCI and other chlor- A closer inspection of the data reveals that, in our case, these relations hold only as averages over a suf6cient period of time. This is indicated by the large spread in the diameter values in figure 11 as compared to those in figure 10. The plots in figures 12, 13, and 15 show more or less pronounced steps or discontinuities. These may be compared to those in figures 6 and 9 of the path of a stable evaporating drop. All this evidence indicates that the evaporation of a stable charged drop occurs a t least partially in the form of bursts under these conditions. The fact that the drop loses charge during the evaporation is indication of ejection of ions or charged droplets since the charge could not be carried by molecules.
The change in charge during evaporation and condensation has been studied by Dubois I n the course of the development of the suspension technique we encountered drops that evaporated comparatively slou-ly and that may be comparable to those used by Ditbois and by Gudris and I<ulikoma. These drops did not lend themselves to the study of the instability because it \\-as too difficult to synchronize the camera with the event. No rate measurements were made uith these drops. The reason for the differences in rates of evaporation is not known.
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Vol. 95, No. 12 The discontinuities observed in the paths of the drops are not attributable to violation of the stability conditions for the suspension. Drops of the size used in our experiments, 30-100p, then fall out immediately. Several successive instabilities could be observed, and the drop still remained suspended without adjustment of the suspension field.
It is a remarkable fact that the activation energy for the evaporation of water drops has not been determined in the numerous measurements of rates of evaporation reported in the literature. Houghton [9] measured the rate of evaporation at two temperatures, but he corrected his data on the assumption that the evaporation of the drop occurred by the same mechanism and with the same activation energy as in the case of evaporation from the wet bulb thermometer used for the determination of the humidity of the air. The activation energy found in our experiments is not compatible with this assumption.
CONCLUSION
The observations reported in this paper as well as observations reported by other investigators show that a water drop may evaporate in spurts. The loss of charge in such a spurt of evaporation or at an instability shows that ions or charged droplets are ejected. The fact that some species ejected by an unstable drop nucleates condensation together with particulate nuclei shows that this species is gaseous. If it may be assumed that the gaseous species also carries the charge lost by the unstable drop, this species must be some ion. The identification of the products of the instability is the objective of continued work. The activation energy, 7.6 kcal./mole, found for this type of evaporation indicates that the removal of mater molecules from the drop is not part of the ratedetermining step.
